Abstract. The interest in 209 Bi, the only stable isotope of this element, originates from its proposed use in the spallation module and as moderator/coolant of an accelerator driven system (ADS). Inelastic scattering that constitutes 30% of the total neutron cross section of 209 Bi is a major contributor to uncertainties in predicted ADS parameters. New data were obtained for production cross sections of 19 transitions up to about 18 MeV, incident energy. One transition was observed per excited level for the first 8 levels. From the measured gamma-ray production cross sections, total and level inelastic cross sections were deduced. The experiment was performed at GELINA, with a white neutron spectrum, at 200 m flight path length using the time-of-flight method. The gamma rays from the 209 Bi(n, n γ) 209 Bi reaction were detected with two large volume HPGe detectors and the neutron flux was monitored with a multilayer 235 U fission chamber. For the main transitions the inelastic cross section is given with an incident neutron energy resolution ranging from 1.1 keV at 1 MeV to 35.7 keV at 10 MeV within overall statistical error of less than 5%.
INTRODUCTION
Bi is one of the important materials considered for the design of a new generation of reactors. The eutectic Pb-Bi mixture is a possible solution for the spallation target and the moderator and coolant of accelerating driven systems (ADS). Inelastic scattering contributes with about 30% to the total neutron cross section of this material. Moreover, neutrons loose a large amount of their energy in inelastic scattering, quite contrary to when they scatter elastically. This energy loss is at least the excitation energy of the first excited level of about 900 keV for 209 Bi. Through its impact on moderation and, therefore, the neutron spectrum, inelastic scattering plays an important role in transport calculations for these new types of reactors.
Recently it was demonstrated [1] that present uncertainties of the lead and bismuth inelastic scattering cross sections could produce a 2% uncertainty in k e f f for an ADS. The existing experimental data for the inelastic scattering cross section for 209 Bi consists only of a number of single energy points up to about 3 MeV. The level cross sections and the gamma production cross sections were previously measured only for few levels or transitions. Few additional data points exist in the range 3 MeV to 20 MeV (see also Figs. 3 and 4) . The importance of inelastic scattering for contemporary applications and the large uncertainties that result from the present limited data base motivated a detailed study to obtain better data for inelastic scattering.
At GELINA an experimental setup for inelastic scattering cross-section measurements was developed and used successfully for 58 Ni and 52 Cr. This paper concentrates on the results obtained for 209 Bi. The experiment covered the full energy range of interest for reactors, from the inelastic threshold up to about 20 MeV and the obtained data have an unprecedented precision in terms of neutron energy resolution and overall uncertainty. Continuous energy data over the whole energy range with good neutron energy resolution, that can reveal possible structures in the excitation functions should be valuable to improve reactor calculations.
On the other hand the continuous excitation functions obtained in this experiment can be considered as benchmarks for theoretical nuclear models. Here the data will be compared with the results of a calculation with Talys code, that used the default parameters (without any particular adjustment). In the near future we hope to take advantage of the fact that an interpretation can be offered that takes into account the fact that 209 Bi is close to the double magic nucleus 208 Pb and may be well described by models that couple one particle to a double magic core. 
EXPERIMENTAL SETUP
A detailed description of the setup was presented elsewhere [2] and only a summary and the specific differences will be given here. Gamma rays from the 209 Bi(n, n γ) 209 Bi reaction were detected with two large volume HPGe detectors placed backwards at 110 o and at 150 o with respect to the beam direction (Fig. 1) . The choice of these particular angles was motivated by the fact that these are the roots of the fourth order Legendre polynomial and that a particular choice of weights for the contributions at the two angles eliminates the contributions of the second and sixth order Legendre polynomials as well. Thus an accurate angular integration of the differential cross section is obtained that leads to gamma production cross sections that are largely independent of the particular angular distribution. The relative detection efficiencies at E γ =1.33 MeV were 48.6% and respectively 75.9%.
The neutron flux was measured with a multilayer 235 U fission chamber placed in the beam at about 1.3 m upstream to the sample.
The sample consisted of 2 disks of bismuth with 99.5% 209 Bi glued together. Each of the two disks had a thickness of 3 mm and a diameter of 8 cm. The bismuth sample was rotated around the vertical axis, so that the normal made an angle of 20 o with the beam direction. This assured an equal view at the sample for both detectors.
The HPGe efficiencies were measured with a standard calibration source of 152 Eu and MCNP calculations were done to correct for the effect of the extended volume source and for the self-attenuation in the bismuth sample.
Since GELINA produces neutrons through electronBremsstrahlung followed by (γ, xn) and (γ, F) reactions, it is clear that the prompt neutron flux is preceded by a rather intense gamma flash. This gamma flash is scattered on the sample and detected by the HPGe detec- tors. The intensity of the scattered gammas is sample dependent. An inhibit signal was created to reject the neutron bursts in which a gamma flash was detected. In the case of the present 209 Bi sample the rejected bursts represented 30% of the total number of bursts.
The electronic setup was modified in order to record simultaneously the time information with and without the Slow Rise Time Rejection (SRTR) function of the Constant Fraction (CF). The presence of the SRTR function was marked with a flag in the raw data and an offline software treatment permitted to obtain two sets of data with two different time resolutions, but different efficiencies. The time resolution of the data using the SRTR was 8 ns. This conferred a neutron energy resolution ranging from 1.1 keV at 1 MeV to 35.7 keV at 10 MeV. Because of the low counting rate at high neutron energies for strong transitions and in the whole range for the weak transitions, bins of 8 ns time-of-flight were grouped together resulting in a worse neutron energy resolution but acceptable statistical fluctuations.
RESULTS
The primary measured quantities were the continuous gamma production cross sections from threshold up to about 20 MeV. Gamma rays from the de-excitation of the 209 Bi * nucleus were observed up to 3.46 MeV excitation energy (see Fig. 2 ). In total 19 transitions were measured, their energy ranging from 245.73 keV up to 3132.96 keV. For the first 8 excited levels (up to 2.60 MeV) at least one gamma decay was observed. Above this energy some levels were not observed, probably because of their low population probability. Fig. 3 shows the gamma production cross section for two transitions, from the first excited level to the ground state (896.29 keV) and the The gamma production cross section for the 896.29 keV gamma-ray is compared with existing experimental data and with the Talys calculation. The agreement with the experimental data is quite good, but above 6 MeV there are no other data to compare with. The transition of 1560.49 keV is an example of a case for which no previous experimental data were found. The comparison of the Talys calculation with our gamma production cross section shows a good agreement up to about 3 MeV neutron energy, but above this energy discrepancies appear for some transitions (e.g., 896.29 keV). Based on the measured gamma production cross sections and on the adopted level scheme of 209 Bi the total inelastic and level cross sections were constructed. The total inelastic cross section (Fig. 4 ) is considered precise up to 3.48 MeV, which is the highest observed excited level in this experiment. The contribution of the unobserved levels between 2.60 MeV and 3.48 MeV is considered negligible. Above 3.48 MeV the excitation function in Fig. 4 is only a lower limit for the total inelastic cross section. But from the 209 Bi level scheme (see also [3] ) it is expected that the contribution of gamma rays that decay directly to the ground state from above 3.48 MeV is fairly small (maybe less than 10%). The good agreement with Talys calculation above 10 MeV (Fig. 4) further supports this observation. Note that the calculations are performed with the default parameters, so that no tuning of parameters was made at all. Thus, good agreement for the total inelastic cross section does not imply good agreement for all measured gammaproduction cross sections.
At low energies, immediately above the threshold no significant structures were observed in the present case. With the same energy resolution some structures were observed in the case of previously measured nuclei 58 Ni and 52 Cr ( [4] ). The fact that no structure was observed in the case of 209 Bi is an expected result considering the higher level density in the compound nucleus 210 Bi.
The level cross sections for 19 levels up to 3.46 MeV excitation energy were constructed too. Two examples are given in Fig. 5 . The new data for the first level agree with earlier measurements and the Talys calculation up to about 2.5 MeV. For the second level agreement with the Talys calculation is good up to 3.5 MeV. As explained in [2] the level cross sections deduced by our method become upper limits, above an energy where decay information is incomplete, or an insufficient number of transitions is observed.
CONCLUSIONS
Gamma-ray production cross sections for 209 Bi were measured with an unprecedented energy resolution and precision from the threshold up to about 18 MeV. For the main transitions the gamma-ray production cross section is given with an incident neutron energy resolution ranging from 1.1 keV at 1 MeV to 35.7 keV at 10 MeV, the overall statistical error being less than 5%. The whole range of energy was covered in only one (long) measurement. Based on the adopted level scheme of 209 Bi the total inelastic and level cross sections were constructed. These quantities are exact up to about 3.5 MeV and then are considered only as lower and, respectively, upper limits.
The results are in good agreement with previous measured data, where these exist, and with a default calculation of the general-purpose code Talys. Some discrepancies appear between this data and Talys calculations in the case of the gamma production cross sections above 3 MeV. Since, nevertheless the total cross section is in good agreement with the Talys calculations this suggests this may be due to compensating effects for instance in the treatment of the continuum in Talys.
The inelastic scattering cross-section measurements at GELINA will continue with the lead isotopes.
